Characterization of the bacterial population and chemistry in the bottom sediment of a laterally subdivided drinking water reservoir system  by Röske, Kerstin et al.
ARTICLE IN PRESS0075-9511/$ - se
doi:10.1016/j.lim
Correspond
fax: +49351 45
E-mail addrLimnologica 38 (2008) 367–377
www.elsevier.de/limnoCharacterization of the bacterial population and chemistry in the bottom
sediment of a laterally subdivided drinking water reservoir system
Kerstin Ro¨skea,, Isolde Ro¨skeb, Dietrich Uhlmanna
aSa¨chsische Akademie der Wissenschaften zu Leipzig, Karl-Tauchnitz-Str. 1, 04107 Leipzig, Germany
bTechnische Universita¨t Dresden, Institut fu¨r Mikrobiologie, Dresden, Germany
Received 2 June 2008; accepted 10 June 2008Abstract
Sediments in standing waters are complex habitats that are able to provide favorable living conditions for manifold
microbial species. The aim of this study was to investigate the spatial and seasonal composition of bacteria in
freshwater sediments and the chemical conditions. Four sampling points were investigated at monthly intervals along
the ﬂow of water from a pre-reservoir down to the main dam of the Saidenbach reservoir, a drinking water reservoir
located in Saxony, Germany. Selected chemical criteria of the sediments were analyzed, as well as the physical
conditions of the water body at the chosen sites. Redox-sensitive chemical criteria, such as nitrogen, sulfur, iron and
manganese compounds displayed very steep vertical gradients within the sediment. Phylogenetic composition of the
communities was investigated utilizing clone libraries and catalyzed reporter deposition ﬂuorescence in situ
hybridization (CARD-FISH). Up to 90% of the cells that were stained with propidium iodide hybridized with
probes for Bacteria and Archaea. This amount decreased with sediment depth. The predominant bacterial groups
found in the sediment were a-Proteobacteria, especially at the sampling point with a high content of planktogenic
organic material closest to the main dam, as well as b-Proteobacteria and the Cytophaga–Flavobacterium cluster. Clone
libraries allowed a more detailed view of the microbial diversity within the detected phylogenetic groups. Despite an
observed variation of a-Proteobacteria and bacteria belonging to the Cytophaga–Flavobacterium cluster, a regression
analysis showed very weak multiple correlation coefﬁcients between chemical criteria and the analyzed broad
phylogenetic bacterial groups.
r 2008 Elsevier GmbH. All rights reserved.
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Reservoirs, like freshwater lakes, provide favorable
living conditions for a variety of organisms. The
abundance and diversity of phyto- and zooplanktone front matter r 2008 Elsevier GmbH. All rights reserved.
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ing author. Tel.: +49351 4586570;
86310.
ess: kerstin.roeske@mailbox.tu-dresden.de (K. Ro¨ske).and benthos in lakes and reservoirs have already been
under investigation for approximately a century. Bac-
teria normally lack distinct visible morphological
characteristics that makes it difﬁcult to study the
abundance and variety of various species and the overall
diversity in situ. Using cultivation-based methods, only
a small proportion of the expected large number of
microbial species in aquatic or soil habitats have been
cultured so far (Felske et al., 1999; Amann et al., 1995).
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acids, like the analysis of the 16S rDNA genes, improved
our understanding of the microbial diversity in many
habitats including reservoirs (Wobus et al., 2003).
However, this method provides only limited information
about the abundance of the detected organisms due to
shifts based on the different methods used for isolation
and ampliﬁcation of DNA (Suzuki and Giovannoni,
1996; Sipos et al., 2007). In addition, this method
provides no information about the physiological state or
the spatial relationships of the detected species in the
samples investigated. Catalysed reporter deposition
ﬂuorescence in situ hybridization (CARD-FISH) allows
the direct enumeration of speciﬁc bacterial species under
a ﬂuorescence microscope. This method was introduced
in environmental microbiology to increase the sensitivity
of FISH in environments where a low number of target
sites is expected, or the signal intensity has to exceed a
high background ﬂuorescence. This technique has
previously been applied to different environmental
samples, like marine bacterioplankton (Pernthaler
et al., 2002), marine sediments (Ishii et al., 2004;
Pernthaler et al., 2002), benthic detritus of streams
(Fazi et al., 2005) or freshwater Actinobacteria (Sekar
et al., 2003).
Sediments are a major component of a freshwater
ecosystem with many complex interactions with the
water body. Microorganisms living in the sediment
likely play a key role in the transformation of organic
matter in the cycle of nutrients and are inﬂuenced by, as
well as having an inﬂuence on, the chemical composition
of the surrounding environment. While the chemical
composition of the sediment in the Saidenbach reservoir
has been studied in detail for some time (Uhlmann et al.,
1997), little is known about the microbial communities
of this environment. The living conditions in the
sediment layers change in regard to nutrients provided
by allochthonus and autochthonus input as well as theSaidenbach
reservoir
Under water w
Skimming w
E
S H
Fig. 1. Schematic representation of the Saidenbach reservoir and the
points E, S, H, and F.redox state of the sediment during overturn and
stagnation periods of the water body. A variation of
the microbial community is expected in accordance with
the changing environmental conditions.
The aim of the study was to investigate the spatial and
seasonal composition of Bacteria and Archaea as well as
the respective chemical properties of the sediment of the
Saidenbach reservoir. The bacterial community struc-
tures at the different sampling points were investigated
with CARD-FISH and clone libraries and the chemical
environmental conditions were measured. The results
present the ﬁrst rough estimation of a seasonal variation
of microbial groups within this reservoir. The use of
clone libraries provided an insight into the diversity of
the bacterial community.Material and methods
Study site
Saidenbach reservoir (Fig. 1) was constructed prior to
1933 to supply drinking water and is situated in the
Erzgebirge hills of Saxony (Germany). The Saidenbach
reservoir has a volume of 22.4millionm3 at full water
level. The bedrock is crystalline rock. The catchment is
mainly utilized for agricultural purposes and has a
comparatively dense population. The Saidenbach reser-
voir is mesotrophic. In all of the tributaries, pre-
reservoirs were constructed to reduce the load with
solids and phosphorus. Some of these pre-reservoirs are
large enough to allow growth and sedimentation of
phytoplankton (Benndorf and Pu¨tz, 1987).
As in other reservoir systems, sedimentation depths
are comparatively low in the inﬂow area (sampling point
in the pre-reservoir Forchheim (F), sampling point in
the underwater pre-reservoir Haselbach 1 (H), sampling
point in the inﬂow area of the main basin (S), Fig. 1) andPre-reservoir
Forchheim
Haselbach
all
all
F
pre-reservoir Forchheim. The dots represent the four sampling
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K. Ro¨ske et al. / Limnologica 38 (2008) 367–377 369high near the outﬂow (E). During the summer months,
the water body is thermally stratiﬁed, as may also be the
case in small pre-reservoirs due to the protection from
wind fetch. The bicarbonate buffering is low enough
that the activity of the phytoplankton may shift the pH
from around 6.0 to more than 8.0 (Horn and Horn,
1995).
In the following, a longitudinal section of the
reservoir system is presented in terms of sediment cores
arranged in series starting with the uppermost pre-
reservoir (Forchheim), the main tributary Haselbach
and ending with the outﬂow of the main basin (Fig. 1).
The ﬁrst 5 cm of the sediment cores, in particular, were
examined. Sediment samples were taken from four
sampling points along the ﬂow of water and matter,
starting at the pre-reservoir Forchheim (F) with an
average water depth of 6m, across the tributary
Haselbach with an underwater pre-reservoir (H) with
an average water depth of 10m, the inﬂow area of the
main reservoir (S, average water depth 15m), and the
fourth one in front of the main dam (E) which has a
maximum water depth of 45m (Fig. 1).Sampling and determination of physical–chemical
properties
Six sediment cores per sampling site were taken with
an Uwitec sediment corer (Uwitec, Mondsee, Austria) at
about monthly intervals from April to October in both
2005 and 2006. An additional sample was taken in
February 2006. Ice cover from January to the beginning
of April was characteristic for both years, followed by a
spring overturn period of less than 2 weeks. The
following ‘‘summer’’ stagnation lasted until December
(H. Horn, personal communication). Due to the fact
that the circulation period was less than 2 weeks, and
our sampling intervals were approximately every 4
weeks, no samples were taken during the circulation
periods. The sediment cores were sliced into layers
representing 0–0.5, 0.5–1.5, 1.5–3, and 3–5 cm sediment
depth from top to the bottom. The corresponding layers
of the six cores from one sampling site were pooled and
mixed to minimize the possible effects of environmental
heterogeneity at the sampling sites.
A sediment trap was exposed at the sampling point E
3m above the bottom sediment for 14 days in September
2005 as described by Horn and Horn (1990). To
determine the dry weight of the sediment samples, the
samples were dried at 105 1C according to German
standards (DIN 38414-S2). The organic matter (OM)
was determined by heating the sample at 550 1C for 2 h
(DIN 38414-S3). Interstitial water (IW) was obtained
through centrifugation of the sediment and subsequent
ﬁltration of the supernatant (0.45 mm pore size). The
chemical analyses were performed according to Germanstandards for water analysis (DIN, 1982-1994). Photo-
metrical analysis (U-2000, Hitachi Ltd., Tokyo, Japan)
was performed to determine the ammonium (DIN
38406-5) and phosphate (soluble reactive phosphate-
SRP, DIN 38405/D11-1) concentrations. Nitrate and
sulfate concentrations were measured by ion chromato-
graphy (Dionex Corp., USA). Iron and manganese were
analyzed with ICP-AES.
Catalysed reporter deposition ﬂuorescence in situ
hybridization (CARD-FISH)
About 0.25 g of sediment were ﬁxed with formalde-
hyde (2.8%, v/v in PBS) and ethanol (50%, v/v in PBS),
diluted 1:10 in PBS, homogenized by mild sonication
and 3–5 ml were applied on glass slides. The cells were
permeabilized and hybridized according to Pernthaler
et al. (2004) with several modiﬁcations. The samples
were hybridized with the following oligonucleotide
probes: EUB338, ARCH917, ALF1b, ALF968,
BET42a, GAM42a, CF319a, SRB385 (details on oligo-
nucleotide probes are available at probeBase). Applying
the EUB338 probe sets I–III to samples from sampling
point E did not increase the percentage of hybridized
cells in the studies from Wobus et al. (2003). Therefore,
only probe EUB338 was used in this study. A ﬁnal
horseradish peroxidase (HRP) labeled probe concentra-
tion of 5 ng ml1, and a hybridization temperature of
46 1C was used. The green ﬂuorescent dye ﬂuorescein
isothiocyanate (FITC) was used. Tyramide-FITC in
ampliﬁcation buffer was incubated with the sample for
30min. Because of red autoﬂuorescence of Cyanobacteria,
red ﬂuorescent dyes had to be avoided as substrate
to exclude false positive signals. The counterstaining was
performed with the nucleic acid stain propidium iodide
(PI). PI gave easily detectable signals when used as a
counterstain for CARD-FISH. The slides were in-
spected by epiﬂuorescence microscopy using the ﬁlter
sets number 14 for PI and 44 for FITC (Carl Zeiss,
Germany). At least 400 cells in 20 randomly selected
microscopic ocular grid ﬁelds were counted manually.
Selected samples from 2005 from different sediment
depths were analyzed with probes ALF1b and ALF968.
The differences in the average percentage of cells
hybridizing with probe ALF1b or ALF968 were lower
than the calculated standard deviation for the respective
samples. Therefore, probe ALF968 was used to hybri-
dize a-Proteobacteria in the samples from 2006.
Statistical analysis was performed using SPSS
version 15 software.
Construction of clone libraries and sequence analysis
Clone libraries were established from a sediment
sample (layer 0–0.5 cm) and the material of a sediment
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September 2005. DNA was extracted with the FastDNA
spin kit for soil (Qbiogen, USA) and the Fast prep
instrument according to the manufacturer’s instructions.
The 16S rDNA was ampliﬁed with polymerase chain
reaction using the bacteria-speciﬁc primer set 27F
(50-AGA GTT TGA TC[A/C] TGG CTC AG-30) (Lane,
1991); 1387R (50-GGG CGG [A/T]GT GTA CAA
GGC-30) (Marchesi et al., 1998). PCR was performed
with GoTaq DNA-Polymerase (Promega, Germany).
The PCR conditions were as follows: initial denatura-
tion step at 95 1C for 3min, followed by 30 cycles of the
following three steps: denaturation at 95 1C for 1min,
annealing at 57 1C for 1min, and elongation at 72 1C for
1:30min. The ﬁnal extension step was performed at
72 1C for 10min. The generation of PCR products was
conﬁrmed by agarose gel electrophoresis, and the
ampliﬁed DNA was puriﬁed with the QIAquick PCR
puriﬁcation kit (Qiagen, Germany) following the man-
ufacturer’s instructions. Puriﬁed DNA was cloned and
transformed into competent Escherichia coli 10F’ cells
(Invitrogen, USA) using the TOPO TA cloning kit
(Invitrogen, USA), according to the manufacturer’s
instructions. The occurrence of the expected inserts was
evaluated by PCR with the M13 forward and reverse
primer set. About 50 positive PCR products were
partially sequenced per clone library. The retrieved
sequences were analyzed by BLAST search of the
GenBank database and submitted to the GenBank
database under accession numbers EU258556–
EU258604 and EU250798–EU250843.Results
Chemical components
The nitrate concentration in the water body was
comparatively high, usually above 1mgL1 in the water
above the sediment (Fig. 2), due to the predominantly
agricultural character of the drainage basin with
fertilization. In the sediment layers below 0.5 cm depth,
however, nitrate concentration was negligible or zero
during the entire sampling period (Fig. 2). Conversely,
in the uppermost sediment layer (0–0.5 cm) of the main
basin, the concentration was repeatedly higher than
1mgL1 in 2005 which clearly indicates that the
sediment surface was oxidized during these periods, i.e.
the nitrate may have been microbially utilized for iron
and phosphate immobilization. In the pre-reservoirs
(F and H) in 2005, the presence of nitrate in the upper
(0–0.5 cm) sediment layer was restricted to spring with
the beginning of the summer stagnation period in April
2005. In May 2005, virtually no nitrate was measurable.
For the sampling dates in 2006, practically no nitratewas measurable from all sampling points in the
sediment. The nitrate decrease in the closely overlying
water was very consistent. The curves of the nitrate
decrease point not only to a high microbial nitrate
depletion potential of the sediment surface in the inﬂow
area, but also at the deepest point of the reservoir (E).
There were characteristic differences in the steepness of
the nitrate decline with increasing time at the four
sampling points. The steepest nitrate decline was
observed in the pre-reservoirs F and H. In February
2006, there was a remarkably low nitrate concentration
in the deep hypolimnetic water of station E.
In October 2005 and 2006, sulfate had been depleted
down to zero in the uppermost sediment layer of the H
pre-reservoir indicating that an oxidized sediment sur-
face layer, which previously might have been signiﬁcant
for chemical phosphate retention, no longer existed. As
expected, the sulfate concentration in the 0–0.5 cm
sediment layer again increased during the following
overturn period when oxygen for the oxidation of iron
sulﬁdes became available. In the lowest sediment layer
(3–5 cm), sulfate had been mostly depleted due to sulﬁde
generation at all sampling sites in 2006.
Ammonium concentration in the IW was very low in
the water body of the main basin, but at times very high
in the pre-reservoir area (H, up to 4mgL1). The
accumulation of ammonia in the deepest layers of the
sediment cores likewise was considerable. The ammonia
accumulation in the outﬂow area of the main basin
(station E) differed in succeeding years.
The concentration of dissolved manganese may attain
a level of more than 20mgL1 even in the IW of the
uppermost sediment layer at sampling point E (Fig. 3).
In October 2006, there were strikingly high concentra-
tions of dissolved Mn, between 24 and 31mgL1, in the
interstitial water from 0 to 5 cm sediment depth at point
E. These coincided with the absence of nitrate even in
the surface layer.
The iron concentration in the IW attained high values
in the F pre-reservoir (Fig. 3) and it decreased distinctly
from the inﬂow station in a longitudinal direction to the
outﬂow at E. When compared to the corresponding Mn
distribution in the IW, the sequence between the stations
was reversed.
The water content of the sediments from the sampling
point E with the lowest impact of hydraulic disturbances
ranged from 98% to 88% with an average difference of
5% between the lowest and the highest investigated
sediment layer, and displayed a clear sequence of the
sediment layers with increasing density towards their
depth position. Higher density corresponded to a lower
water content. In all the other sampling points, the
density differences between the lowest and the upper-
most sediment layers were much higher. This results
from a substantial proportion of sand that was ﬂushed
into the inﬂow area of the reservoir in ﬂood situations.
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Fig. 2. Vertical proﬁles of the nitrate, sulfate, and ammonium concentrations in the interstitial water of the four sampling points in
2005 and 2006. The sediment depth 1 cm represents the overlaying water. The proﬁles represent the means and standard deviation
for the sampling years 2005 and 2006.
K. Ro¨ske et al. / Limnologica 38 (2008) 367–377 371A substantial shift in the water content between
succeeding sampling dates, however, probably needs to
be considered as a sign of spatial heterogeneity and notof temporal changes. Sediment focusing due to transport
and deposition of planktogenic ﬁne particles and to
resuspension is most signiﬁcant in the deep part of the
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K. Ro¨ske et al. / Limnologica 38 (2008) 367–377372main basin (E), whereas coarse sediments are present in
a high proportion in S. The water content was lowest in
S (below 91% down to 61%) where the deposition of
light particles was disturbed by internal waves and by
the inﬂow of solids (sand) in ﬂood situations. Corre-
spondingly, the content of particulate organic materials
here was the lowest (7–17%, Fig. 2). The content of
organic materials in the sediment displayed remarkably
high values in the sediment near the outﬂow
(E, 12–27%) and in the Haselbach pre-reservoir
(H, 8–29%).Seasonal and depth proﬁles of the quantitative
microbial composition in the sediment
Quantitative composition of the microbial diversity
was evaluated by CARD-FISH using probes speciﬁc for
major bacterial groups. On average, 30–80% of the cells
that could be stained with the nucleic acid stain PI also
hybridized with the probe for Eubacteria (EUB338). It
was found that the highest percentages that could be
hybridized were always in the upper 1.5 cm of the
sediment and within the samples taken from points
E and F. The hybridization efﬁciency decreased with
sediment depth. Frequently, only 50% of the PI stained
cells hybridized with EUB338 in samples from a
sediment depth of more than 3 cm. In the samples taken
during 2005 and 2006, the extent of microorganismshybridizing with the probe for Archaea (ARCH917) was
typically below 17%. This percentage, even in samples
from sediment depth below 3 cm, did not compensate
for the low percentage of cells hybridizing with the
probe EUB338. An increase in the percentage of
Archaea with sediment depth was expected due to
emerging anoxic or anaerobic conditions, but could
not be observed. No seasonal trends in the proportions
of Archaea were visible.
To analyze the composition of major microbial
groups, especially in the upper sediment layers, oligo-
nucleotide probes speciﬁc for ﬁve bacterial groups
were used. Among the investigated groups, a- and
b-Proteobacteria and the Cytophaga–Flavobacterium
cluster represented the largest groups in the sediment
samples. The composition of the microbial community
regarding these groups in the upper 0.5 cm of the
sediment is shown in Fig. 4. On the other hand,
g-Proteobacteria and sulfate-reducing bacteria were
found in amounts below 3%. No seasonal variation of
these low abundant groups could be determined due to
the standard deviation of the counts. In addition, no
consistent increase in the abundance of sulfate-reducing
bacteria hybridizing with probe SRB385 was observed
in the sediment layers where the reduction of sulfate
would predict a greater abundance of sulfate-reducing
bacteria.
b-Proteobacteria were regularly found in an abun-
dance of 5–10% of the PI stained cells from April to
September 2005 at all four sampling points in the upper
0.5 cm of the sediment. No noticeable difference in the
abundance of b-Proteobacteria was observed in the
longitudinal section of the reservoir system. In the
analyzed samples, a large percentage of cells hybridized
with the probe for a- Proteobacteria. In spring 2005
(April, May), the abundance of a-Proteobacteria was
around 20% of the PI cell count in the upper centimeters
of the sediment in the main basin (Fig. 4). The
abundance was lower in the summer months at all
sampling points. In addition, the accumulated percen-
tage of cells hybridizing with the probes was frequently
lower in June and July, suggesting that groups other
than the ones covered by the applied probe set might
have been more predominant during this period. In
August and September, the abundance of a-Proteobacteria
increased again, but remained below 20% of the
total cell counts. In February 2006 at sampling point
E, about 10% of the PI stained cells hybridized with the
probe ALF968. At all four sampling points from April
to August 2006, a-Proteobacteria represented only
5–10% of the total cell counts, showing a reduction in
abundance in spring 2006 compared to 2005. However,
in October 2006, the abundance increased up to 20% in
the upper 0.5 cm layer of the sediment at the sampling
points E and F (Fig. 4). A regression analysis revealed
the best multiple correlation coefﬁcients (R) between the
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Fig. 4. Composition of the microbial community analyzed by CARD-FISH in the upper 0.5 cm layer of the sediment at the four
sampling points in 2005. Samples were hybridized with the group speciﬁc probes ALF1b (a-Proteobacteria) in 2005, ALF968
(a-Proteobacteria) in 2006, BET42a (b-Proteobacteria), GAM42a (g-Proteobacteria) and CF319a (Bacteroidetes). Values are given as
percentage of total cell counts as determined by PI staining. Values below 3% are not displayed.
K. Ro¨ske et al. / Limnologica 38 (2008) 367–377 373percentage of a-Proteobacteria and the analyzed chemi-
cal criteria with 0.23 to sulfate and 0.233 to SRP
(po0.001 in both cases) with an explained variance of
5.29% and 5.43%, respectively.
Bacteria of the Cytophaga–Flavobacterium cluster,
hybridizing with probe CF319a, were mostly observed in
an abundance between 1% and 10%. These percentages
increased a bit in June and September 2005 in the upper
0.5 cm sediment layer of E and F. The regression
analysis showed a multiple correlation coefﬁcient (R)
between Cytophaga–Flavobacterium and organic matter
of 0.36 (po0.001) with an explained variance of 12.96%
and much lower absolute values to all other determined
chemical criteria.Identiﬁcation of major phylogenetic groups in the
Saidenbach reservoir by 16S rDNA analysis
To obtain a more detailed view of the microbial
composition of the sediment in the outﬂow area of the
Saidenbach reservoir in September 2005, two 16S rDNA
clone libraries, one for the upper half centimeter of the
sediment (E) and one from material out of a sediment
trap were established. About 50 clones were partially
sequenced from each library. The number of sequenced
clones was low compared to the expected diversity of
bacteria in the sediment, but gives an impression of the
major phylogenetic groups and the diversity within the
sediment. The results showed the high diversity of
sequences in the clone libraries. The BLAST analysis
revealed that the majority of sequences had the greatest
similarity to as yet uncultured bacteria. Therefore, theclones could not be assigned to particular species.
However, the clones were assigned to a major group
within the bacteria according to the sequence with the
closest similarity in a GenBank database comparison.
Fig. 5 shows the composition of the microbial groups
analyzed in clone libraries from the sedimentation trap
and the upper 0.5 cm of the sediment. The sample from
the sediment trap showed a large number of clones
afﬁliated with Cyanobacteria. Several of these clones
showed a sequence similarity of at least 98% with the
genus Synechococcus. During this time, a large abun-
dance of planktonic Cyanobacteria was detected in the
water. The most abundant species were Snowella
lacustris and Cyanodictyon planctonicum (H. Horn,
personal communication). The number of clones with
Cyanobacteria-associated sequences was lower in the
sediment sample.
A major group present in both clone libraries (Fig. 5)
was the a-Proteobacteria. The sequences showed, for
instance, a similarity to Rhodospirillaceae, Rhodocyclaceae,
and Caulobacteraceae. Clones with a high similarity
to b-Proteobacteria were found to a greater extent in
the library from the upper sediment layer. Clones of
g-Proteobacteria were found in both libraries in a larger
abundance as compared to the CARD-FISH results.
The number of clones afﬁliated with the Planctomycetales
was higher in the library from the sediment than in
the one from the sediment trap, the results were converse
for the Verrucomicrobiales.
The number of clones showing a similarity to the
Flexibacter–Cytophaga–Bacteroides group was low in
the clone libraries. Acidobacteria and Chloroflexi were
found exclusively in the clone library from the sediment,
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sediment trap. Sequences related to d-Proteobacteria
were found in both libraries. More clones with a
sequence similarity to the d-Proteobacteria were found
in a clone library established from sediment of the
sampling point H from October 2006 (data not shown).
In this sample, a large number of clones with similarity
to the a-Proteobacteria were also found. Acidobacteria
were detected in the sediment at sampling point H
as well, and a slightly lower number of clones
with similarity to b-(Comamonadaceae, Rhodocyclaceae,
Leptothrix) and g-Proteobacteria. Only one clone with a
sequence similar to Cyanobacteria was found in the
sample from point H compared to the larger number at
point E. The number of Cyanobacteria is probably lower
at point H due to the higher water ﬂow rate in this
region.Discussion
Chemical components
In the Saidenbach reservoir has always been a nitrate
excess as related to the phosphate supply (Uhlmann and
Paul, 1994) in the water body. The consistent decrease in
the closely sediment overlying water indicates the
gradual depletion of the chemical oxygen (nitrate) in
the lower hypolimnion and a high stability of the
thermal stratiﬁcation. As is to be expected, this decline
was substantially steeper in the pre-reservoirs F and H
than in the main basin due to a higher phytoplanktonbiomass (Horn and Horn, personal communication).
The remarkably low nitrate concentration in the deep
hypolimnetic water of station E in February 2006
illustrates the high reductive power of the sediment
at this point. The nitrate concentrations measured in
2005 in the upper 0.5 cm sediment layer of the main
basin may point to the absence of a concurrent
phosphate release from the sediment into the water
body (Andrusch et al., 1992; Hupfer and Uhlmann,
1991; Maaßen et al., 2005). The low concentration or
absence of nitrate in the sediment of all sampling points
in 2006 could be explained by long winter stagnation
(97 days) and an extremely short spring circulation
(6 days).
The seasonal sulfate decrease in the lowest water layer
of stations E and F indicates the microbial utilization of
the hypolimnetic sulfate pool by sediment processes
during the summer stagnation period. In terms of
chemical oxygen, it is comparable to a linear ‘‘oxygen
sag curve’’. Sulfate exhaustion in the deepest sediment
layers may indicate that a phosphate dissolution
potential, as a measurable quantity, no longer existed,
i.e. that a maximum amount of SRP had been excreted
into the water body which assisted in maintaining mass
growths of phytoplankton. Phosphate in the IW of the
Saidenbach system is a principal indicator of diffusional
release into the water body due to microbial sulfate
reduction in the sediment (Ohle, 1954; Zak et al., 2006;
Maaßen et al., 2005). This indicates that the ‘‘internal
eutrophication’’ of the Saidenbach reservoir is highly
effective and is one of the possible reasons which may
explain that the reduction of the external P load by
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associated with an equivalent reduction in phytoplank-
ton growth (Horn, 2003). However, the phytoplankton
growth was also dependent on other factors such as the
mixing behavior of the water body (Horn, 2003).
Ammonium in the IW has to be considered as the
most important metabolite and, thus, an indicator of
protein decomposition of planktogenic particles. The
increase of ammonium concentration with sediment
depth points to a substantial release by microbial
ammoniﬁcation (Fig. 2). Surprisingly, the ammonia
concentration in the IW of the lower sediment layers of
outﬂow station E was higher than in the inﬂow section
(S), and much higher than is to be expected in a
mesotrophic drinking water reservoir. The concentra-
tion level is comparable to data from biological waste-
water treatment plants. It is remarkable that not only in
the eu- to hypertrophic H pre-reservoir the ammonium
concentration in the greatest sediment depth attained a
very high level, but also in the sediment near the outﬂow
which points to the high load with protein-rich
materials.
The concentration of dissolved manganese in sedi-
ments may behave like an antagonist of nitrate as has
been exempliﬁed by Ulrich (1998) in experiments with
sediment cores from the Saidenbach reservoir. At the
given pH and redox conditions, it is to be expected that
manganese dissolves more readily than iron.
High values of organic materials in the sediment near
the outﬂow (E) and in the Haselbach pre-reservoir (H)
probably correspond not only to the phytoplankton
sedimentation, but also to the low impact of internal
waves at these sampling sites. On the other hand, in
station S, which was subject to an intense impact of
currents due to the strong wind fetch, the OM content at
times was about 10% even in the upper 0.5 cm of the
sediment which probably indicates that the light
sediment particles (phytoplankton, fecal pellets) which
are normally deposited on the sediment surface have
been ﬂushed away.Analysis of the microbial diversity
Probe EUB338 was used in this study to determine the
percentage of hybridizable cells in the sediment samples.
This percentage was partially low, especially in samples
from below 3 cm sediment depth. Probe EUB338 does
not hybridize with Verrucomicrobia or Planctomycetales,
both of which are known to be present in freshwater
samples and expected to be in the sediment. In addition,
other features of bacteria, such as cells with an
nonpermeable cell wall, or a low ribosome content,
can inﬂuence the results of CARD-FISH. Therefore, a
large proportion of the microbial composition of the
sediment within the Saidenbach reservoir remainsundetectable by the CARD-FISH method in sediment
depths of more than 3 cm.
An increase in the abundance of sulfate-reducing
bacteria was expected, but not observed in the sediment
layers where a reduction of sulfate concentration was
determined. The sulfate-reducing bacteria are a phylo-
genetically diverse group (Devereux et al., 1989) and
only a subpopulation of them is detectable with the
applied probe SRB385 (most Desulfovibrionales, for
details see probeBase, Loy et al., 2007). In addition, the
activity and not the abundance of these bacteria might
be increased in the sediment layers where sulfate was
reduced.
In this study, the abundance of b-Proteobacteria was
on average 5–10% of the PI stained cells in the upper
0.5 cm of the sediment. In a sample from point E in May
2001, Wobus et al. (2003) identiﬁed the b-Proteobacteria
with an abundance of about 17% as the most
predominant group in the sediment of the Saidenbach
reservoir by the FISH method. During our investiga-
tions, the greatest abundance of b-Proteobacteria, with
an measurement of about 17%, was found at point E in
June 2005 and at point F in May 2005. In these two
samples, the percentage of b-Proteobacteria even ex-
ceeded the amount of a-Proteobacteria.
The detected shifts in percentage of a-Proteobacteria
were not in accordance with any of the determined
chemical variables of the sediment. With a regression
analysis only very weak multiple correlation coefﬁcients
(R) between the percentage of a-Proteobacteria and the
analyzed chemical criteria were estimated. The seasonal
shifts in the abundance of a-Proteobacteria were
different in succeeding years and more years need to
be analyzed to identify possible reasons for the
variation. In addition, other methods are needed to
determine which members of the a-Proteobacteria vary
in their abundance.
For sampling point E, the increase in the amount of
bacteria belonging to the Cytophaga–Flavobacterium
cluster followed a peak in the phytoplankton biovolume
in May and a second at the beginning of September
(H. Horn, personal communication). An increased
abundance of Cytophagales was observed by Riemann
et al. (2000) after a bloom of diatoms in a saltwater
mesocosm and by Van Hannen et al. (1999) after a mass
lysis of Cyanobacteria in enclosure experiments. In this
study, a weak correlation between the Cytophaga–
Flavobacterium cluster and organic matter was observed.
Taken together, the resolution of CARD-FISH with
the applied probes might have been not sufﬁcient to
detect a possible variability of the bacteria and correlate
it better with the chemical criteria. A huge variety of
microorganisms with different physiological capabilities
are present in the investigated phylogenetic groups that
were most abundant. The sum of all groups determined
by CARD-FISH accounted for not more than 45% of
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leaves a large proportion of unidentiﬁed cells that in all
probability belong to other groups. To identify those
groups, an additional approach using the 16S rDNA
cloning and sequencing was applied. A limitation of the
FISH method is that only bacteria that hybridize with
the applied probes may be detected. If only probes
speciﬁc for large phylogenetic groups are used, a
seasonal variation of single species within these groups
remains undetected. In addition, the composition of
species within a group might be different among the
investigated sampling sites and can remain unnoticed in
the investigation.
The use of cone libraries can evade such limitations.
The major groups should be present even in small clone
libraries, and as expected, the results showed the
anticipated diversity of sequences in the clone libraries.
g-Proteobacteria that were present in both clone libraries
can be overrepresented in clone libraries as had
previously been observed in samples from other
environments such as activated sludge (Eschenhagen
et al., 2003). Actinobacteria were only detected in the
sediment trap, which might suggest a predominance of
these bacteria in the water body compared to the
sediment. While no general composition of the bacterial
community at theses sampling points can be concluded
from the clone libraries, they nevertheless show that
according to our expectations many more groups than
the ones covered by the chosen set of probes in CARD-
FISH are present in the sediment. Additional probes for
Verrucomicrobia and Planctomycetales need to be
applied to analyze their abundance in situ. As mentioned
previously, these groups are not covered by the
Eubacteria probe EUB338. Therefore, the additional
probes EUB338 II and EUB338 III should be used,
although the use of the EUB338 probe sets I–III and
FISH led to no better results in the total percentage of
hybridized cells in previous studies compared to
EUB338 alone (Wobus et al., 2003). But these results
may differ in different investigation years.
In conclusion, the investigation presented here gives
an insight into proportions of different microbial groups
in the upper sediment layers of the Saidenbach drinking
water reservoir. The occurrence of the major groups
seems to have little to do with the trophic state of the
water body because a-Proteobacteria dominated mostly
among the investigated groups in the sediment of the
pre-reservoir to the main dam. While some seasonal
variation in the microbial community structure of high
abundant groups was observed, they were different in
successive years for instance regarding a-Proteobacteria.
No further information about the species behind that
variation can be deduced from CARD-FISH using
general probes. Further, more detailed studies of
selected physiological groups, including the investiga-
tion of their activity over many years, are necessary tolink a seasonal variability of the chemical variables to
the microbial community. The analysis of broad
bacterial groups seems to be too simplistic, and a wider
spectrum of probes, including genus- or species-speciﬁc
probes, should be used. However, the use of the CARD-
FISH method is time-consuming due to the large
numbers of cells that need to be counted to obtain
accurate results for such inhomogeneous environmental
samples. Therefore, only a limited number of probes can
be used with reasonable effort. The cloning method gave
us valuable information about the diversity of microbial
species in the investigated environment, and provides
hints to which additional microbial groups might occur
in a high abundance and are not detected by the chosen
probe set as well as the variability within a group. The
sequences in the clone libraries mostly belong to bacteria
that have yet to be cultured. Therefore, we cannot
speculate about their physiological capabilities.Acknowledgments
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